Vaccination is the most effective way to reduce the impact of epidemic as well as pandemic influenza. However, the licensed inactivated influenza vaccine induces strain-specific immunity and must be updated annually. When novel viruses appear, matched vaccines are not likely to be available in time for the first wave of a pandemic. Yet, the enormous diversity of influenza A viruses in nature makes it impossible to predict which subtype or strain will cause the next pandemic. Several recent scientific advances have generated renewed enthusiasm and hope for universal vaccines that will induce broad protection from a range of influenza viruses.
A truly universal vaccine should cover all subtypes of influenza A viruses and both lineages of influenza B viruses. However, due to the significant genetic and antigenic differences between influenza A and B viruses, a single vaccine that protects against both types may not be realistic. Thus, for the purposes of this review, 'universal vaccines' focus on influenza A viruses. Although the ideal universal vaccine would provide protection against several or all subtypes of influenza A viruses, the first step may be a vaccine that is more broadly crossprotective than the currently licensed influenza vaccines and one that would not need to be administered or updated almost every year.
The case for a universal influenza vaccine
Antibody mediated protection directed against the influenza HA protein is generally strainspecific because the dominant epitopes on the globular head of the HA that are the target of the antibody response are under immune pressure to drift. As a result, currently licensed influenza vaccines, which induce a protective immune response directed mainly at the viral HA, have to be updated annually. The selection of virus strains to be included in seasonal influenza vaccines is based on global virologic surveillance coordinated by the World Health Organization (WHO) and the strains are selected several months in advance of the next influenza season because the manufacture, release and distribution of the egg-based trivalent influenza vaccine is a long process; it takes approximately 6 months from the time the vaccine composition is decided to distribution. A seasonal influenza vaccine would require less frequent updating if it induced broader cross-protection and longer lasting immunity; this is one of the key arguments in favor of a universal influenza vaccine.
The enormous diversity of influenza A viruses in nature makes it impossible to predict which subtype or strain will cause the next pandemic. The recent experience with the 2009 H1N1 influenza pandemic has driven a surge of interest in a universal influenza vaccine. Decisions to produce and to deploy a pandemic H1N1 (pH1N1) vaccine were made by the WHO and various national authorities shortly after the virus began to spread around the world in April 2009. Yet, vaccine was not widely available to the public in the Northern hemisphere until after the peak of the second wave of the pandemic [4] . This delay in the availability of vaccine has led to a re-evaluation of the existing strategy of manufacturing a matched vaccine after the pandemic strain emerges. In the event of a pandemic, prior immunization with a vaccine that induces broad but less robust protection against a range of viruses would have some advantage over a potentially more robust, strain-specific vaccine that is manufactured after the pandemic is declared.
Another reason for renewed interest in the development of a universal influenza vaccine is the recent (re-)discovery by several investigators of broadly cross-reactive neutralizing antibodies (Abs) directed against an epitope in the highly conserved stem or stalk of the influenza HA. These broadly cross-reactive HA stem Abs had not been previously identified in human sera because they are not easily detected; the dominant antibody response is directed at epitopes on the globular head of the HA. In addition to its less frequent presence compared to Abs against globular head region, the Abs against stem region cannot be detected by the hemagglutination inhibition (HAI) assay that is widely used for detection of influenza-neutralizing Abs. The application of newer technologies including immortalization of memory B cells, isolation of plasmablasts and combinatorial libraries made it possible to generate HA stem Abs from the peripheral blood of vaccinated or naturally infected people [5] [6] [7] [8] . Also, stem Abs were detected much more frequently following the emergence of the novel 2009 pH1N1 virus [9, 10] . It has been proposed that exposure to seasonal influenza viruses or vaccines selects for expansion of influenza-specific memory B cells that recognize shared epitopes on the globular head of the HA that are subject to antigenic drift [11] . However, there is a preferential expansion of memory B cells specific for conserved epitopes in the HA stem upon infection or vaccination with an antigenically distinct virus such as the 2009 pH1N1 virus that does not share epitopes on the globular head [11] . HAs fall into two distinct phylogenetic groups: group 1  includes H1, H2, H5, H6, H8, H9, H11, H12, H13 and H16 and group 2 includes H3, H4 , H7, H10, H14 and H15. Broadly cross-reactive HA stem Abs can neutralize the infectivity of a range of influenza A viruses in vitro and are effective in prophylaxis and treatment of influenza virus infection in animal models [12] . Some of the Abs cross-neutralize antigenically and genetically distinct viruses within the same subtype [6] , some crossneutralize viruses within a phylogenetically related group of HA subtypes [7, 8, 13] , while rare Abs are able to neutralize a wide range of subtypes across both groups of HAs [14, 15] . The binding sites of the Abs have been determined by x-ray crystallography [7, 13, 14, 16] as well as by cryo-electron microscopy [17] (Figure 1 ). One broadly neutralizing Ab C05 binds to a conserved element of the receptor binding site on the HA head of both group 1 and 2 viruses [16] . The molecular characterization of these Abs and their target epitopes has generated optimism for the prospect of eliciting cross-protective Abs by rationally designed vaccines.
The 16 subtypes of influenza A

The immunologic basis for universal vaccine strategies
Antibodies directed at the viral HA and NA mediate protection from infection while cellular immune responses directed at internal proteins of the virus are necessary for viral clearance. The role of cytotoxic T lymphocytes (CTLs) in mediating heterosubtypic immunity in influenza was recognized many years ago in mice [18, 19] . In a study of human volunteers infected with a 1979 H1N1 virus, in the absence of H1N1-specific HAI Abs, CTL responses were associated with reduced viral shedding [20] . Although the CTL response does not prevent virus infection, it plays an important role in viral clearance and in heterosubtypic protection [21] [22] [23] . Most neutralizing Abs are directed against the globular head of the HA and both HA and NA glycoproteins are highly variable and drift under immune pressure. In contrast, the stem region of the HA and the internal viral proteins including the nucleoprotein (NP), polymerase acidic (PA) protein, matrix (M) and membrane ion channel (M2) proteins are highly conserved across influenza subtypes and are thus viewed as desirable targets for a universal vaccine. Table 1 lists possible viral targets of universal vaccines.
Target antigens for universal vaccines
Among the eleven viral proteins encoded by influenza A viruses, several proteins including HA, M (M1 and M2e), NP and NA proteins have been evaluated as promising candidate antigens for universal vaccines. The nature of the antigens and delivery methods as well as the type of immune responses induced by each antigen will be discussed below.
HA protein
HA is synthesized as a precursor (HA0) that is cleaved into HA1 and HA2 domains. The cleavage site of HA with the fusion peptide and N-terminal portion of HA2 is the most conserved sequence among influenza A viruses. In general terms, two approaches have been undertaken to induce broadly cross-reactive immunity to HA. One focuses on full length HA constructs and the other on the conserved HA2 domain.
For the full length HA, 'centralized' HA genes representing a putative ancestor were synthesized from consensus sequences within subtype (H1 or H5) or among different subtypes (H1, H2, H3, H4 and H5) and delivered to mice using a replication defective adenovirus vector [24] , virus like particles (VLPs) derived from mammalian cells [25] or as a DNA vaccine [26] . Protection conferred by these vaccines measured as survival from lethal challenge was limited to viruses within the same subtype [24] .
Although it is clear that infection or seasonal influenza vaccines can elicit rare broadly neutralizing monoclonal antibodies (mAb) directed at the HA stem in mice [27, 28] and humans [12] , it has been a challenge to develop vaccines designed to induce HA stemspecific responses exclusively. The frequency of anti-stem Abs is considerably lower than that of anti-globular head Abs [6] . In fact, immune reactivity to peptides corresponding to a consensus sequence of the cleavage peptide consisting of 8 amino acids from the C-terminus of HA1 and 11 amino acids from the N-terminus of HA2 of H1 or H3 viruses was absent in sera from 100 randomly selected individuals with prior laboratory confirmed exposure to influenza A viruses [29] . The HA stem is thought to be less immunogenic than the globular head, (i) because the immunodominant head physically masks the stem region on the influenza virion and (ii) because of the close proximity of the stem epitope(s) to the viral membrane [30] . The challenge is to elicit an effective immune response to a less immunogenic HA stem; success will require innovative methods for delivery of the peptide. If all Abs directed against the HA stem do not share the same characteristics, a combination of peptides covering various epitopes may be needed.
Peptide constructs corresponding to the HA cleavage site from influenza A and B viruses elicited neutralizing antibody responses and confered protection against morbidity and mortality associated with lethal challenge in mice [29, 31] . A synthetic peptide corresponding to the highly conserved long α-helix of HA2 of an H3 virus elicited different levels of heterosubtypic protective immunity against H5 and H1 viruses in mice [32] . Vaccination provided protection against weight loss caused by both viruses and 60% of mice survived lethal challenge with H5 virus but none survived challenge with an H1 virus. The peptide was designed based on the binding properties of a murine mAb (12D1) that recognizes the HA2 domain and neutralized a range of H3 subtype viruses [33] . It would be interesting to know whether this linear epitope vaccine binds and/or neutralizes other HA subtypes from groups 1 and 2. An HA2-based construct containing part of the HA1 and mutations to stabilize the low pH conformation of HA2, also designed based on the 12D1 epitope, was expressed in Escherichia coli [34] . This immunogen protected mice from death but not weight loss following challenge with the homologous H3 viruses and from neither with a heterologous H1 virus.
Several different adjuvants have been used with peptide-based vaccines including the outer membrane protein complex of Neisseria meningitides [29] , incomplete Freund's adjuvant [31] , complete Freund's adjuvant [32] and CpG7909 [34] .
Another approach to deliver HA stem peptides is the use of VLPs. The 20-residue α-helix of the HA2 that forms the major component of the epitope of mAb CR6261, a heterotypic neutralizing human mAb that binds several group 1 HAs [8] , was expressed on VLPs derived from Flock House virus [35] . Although Abs induced by this VLP in mice had binding characteristics similar to CR6261, they did not exhibit neutralizing activity in vitro or in vivo. Thus, further research is needed for the design of functional and protective peptide-based vaccines.
Two novel approaches have been undertaken to focus the immune responses against the HA stem while eliminating the response to the immunodominant globular head. First, a headless HA was designed by introducing a deletion in the HA1 [36] . Mice immunized with cells expressing a headless HA derived from an H2N2 virus were fully protected from homologous virus challenge but were only partially protected from heterologous H1N1 virus challenge [36] . More recently, Steel et al. prepared similar headless HA constructs based on H1N1 and H3N2 viruses and immunized mice with a combination of plasmid DNA encoding the headless HA gene and VLPs co-expressing the headless HA and human immunodeficiency virus Gag protein [37] . Although the H1N1 headless HA vaccine strategy elicited ELISA Abs against heterologous group 1 viruses, efficacy of protection against heterologous viruses was not assessed [37] .
The second approach used to overcome the subdominance of stem epitopes is to boost antistem Abs by immunization with antigenically distant viruses. Various platforms were used for sequential immunization with divergent influenza viruses, including sequential DNA vaccines [33] , priming with a DNA vaccine followed by a boost with an inactivated vaccine or with an adenovirus vectored vaccine expressing the HA [38, 39] or sequential infection with influenza viruses [40] . Priming with a DNA vaccine expressing a 1999 H1 HA followed by a boost with seasonal TIV from the same year or matched adenovirus-encoded HA stimulated the production of cross-reactive HA stem Abs in mice, ferrets and nonhuman primates [38] . Later, these investigators demonstrated that the prime-boost immunization strategy elicited cross-reactive anti-HA stem Abs in mice and ferrets regardless of previous influenza exposure, although prior infection with more divergent strains seemed to direct a stronger anti-stem response [39] . Support for the role of infection or immunization with divergent strains was observed in humans, where robust immune responses against the HA stem were detected in individuals after 2009 pH1N1 virus infection or vaccination [9] [10] [11] 41] . In another recent example, human subjects primed with an H5 HA DNA vaccine that received an inactivated H5 vaccine boost developed anti-HA stem Abs that cross-neutralized group 1 viruses [42] . In a short period of time, there has been tremendous progress in this area and there is hope that one or more of these approaches will be successful.
M2e protein
M2 is a small integral membrane protein that functions as a pH-dependent proton channel, essential for proper maturation of the HA and release of the viral genome into the cytoplasm [43, 44] . Interest in the M2 protein for a universal vaccine is based on two observations: (i) passive transfer of an anti-M2 mAb that lacked neutralizing activity reduced the level of replication of a challenge virus in the lungs of mice [45] and (ii) the sequence of the extracellular domain of M2 (M2e) is conserved among human influenza A viruses. However, the frequency and levels of Abs against M2 or M2e are very low in influenzainfected animals as well as in humans [46, 47] . Therefore, several strategies were tried to overcome the poor immunogenicity of M2e, including fusing the peptide to immunogenic carrier proteins or delivery of VLPs generated from proteins expressed in baculovirus or mammalian cells or as icosahedral particles [48] [49] [50] [51] [52] [53] . Antibody-dependent cell cytotoxicity (ADCC), antibody-dependent NK cell activity and complement mediated lysis have been proposed as mechanisms of M2e-mediated protection [54, 55] . In a recent study, Fc receptors were shown to be essential for anti-M2e IgG-mediated immune protection in mice, indicating that ADCC and Ab-dependent cell-mediated phagocytosis are the main mechanisms involved [56] . Additionally, in combination with pre-existing anti-M2e Abs, alveolar macrophages that are resident in the lung suppress influenza virus infection and spread by eliminating infected cells more effectively and rapidly than in naive animals [56] .
In early studies, immunization of mice with M2e peptide genetically fused to the N-terminus of the hepatitis B virus core antigen (HBc) elicited a humoral immune response and enhanced pulmonary clearance of challenge virus [57] . Although vaccination with M2e-HBc induced cross-reactive humoral immune responses against several influenza A viruses and reduced morbidity following challenge, it did not confer complete protection against infection. Strategies that have been used to enhance the immunogenicity of M2e-HBc include the incorporation of M2e into the immunodominant loop of HBc, the insertion of multiple copies of M2e peptides at the N-terminus of HBc, and intranasal immunization [58, 59] . The M2e peptide has also been chemically fused to HBc [60] . When immunogenicity of HBc VLPs and a conjugated vaccine containing the same M2e peptide sequence were compared in mice and non-human primates, the immunogenicity of the two vaccines in the two species was different; both vaccines were equally immunogenic in mice, whereas the HBc VLP vaccine was inferior in rhesus monkeys [61] . Thus, rodents may not be the appropriate model for preclinical evaluation of these vaccines.
Another promising delivery method for M2e is a baculovirus-based VLP, where M2 protein is expressed as a native membrane-anchored protein on the VLP surface, without HA and NA proteins which mask the exposure of M2e on virions [62] . M2 VLPs were immunogenic without adjuvant and conferred cross protection against lethal challenge with different subtypes in mice although some morbidity (weight loss) was reported. Cross-protective immunity was enhanced when mice were immunized with inactivated vaccine supplemented with M2 VLPs [63] or with engineered M2 protein containing four repetitive M2e regions fused with bacterial flagellin incorporated into an influenza virus M1-based VLP [64] . The sequence of one region (amino acid 10-20) on M2e is consistent with host-range restriction [65] . In order to improve heterosubtypic cross-protection against viruses isolated from different species, Kim et al. [66] produced VLPs expressing tandem repeats of M2e peptides containing two human, two avian and one swine origin M2e peptide sequence fused with HA transmembrane and cytoplasmic domains. Interestingly, M2e proteins were incorporated into these VLPs to levels 100-fold higher than on influenza virions and sera from mice immunized with the VLPs reacted with a range of influenza viruses including H1N1 (1934 and 2009 strains), H3N2 (1982 strain) and H5N1 (2004 strain) viruses.
T7 bacteriophage nanoparticles are another attractive delivery system that has been studied for the delivery of viral, bacterial and cancer vaccines [67] . M2e protein induced immune responses that are comparable to those seen with an adjuvanted-M2e peptide vaccine in mice [51] .
NP and M1 proteins
The amino acid sequences of the NP and M1 proteins are well conserved among influenza A viruses. Since these proteins are not exposed on the surface of virions or infected cells, they mainly induce cellular immune responses, particularly CTL responses against processed peptides [68, 69] . In addition to CD8 + CTLs, NP Abs are involved in viral clearance through ADCC in mice [70] . However, in humans the levels of anti-NP Abs vary and are rarely boosted by trivalent inactivated vaccines. Thus the importance of NP Ab-mediated ADCC in heterosubtypic protection in humans is not clear. Mice can also protected from lethal challenge by immunization with conserved CD4 + T cell epitopes [71] . Influenza-specific memory CD4 + T cells contribute to protective immune responses via multiple pathways [72] .
Vector-based and linear peptide-based antigen delivery are two approaches that have been undertaken recently for the induction of effective CTL responses in humans. Phase 1 and 2 clinical studies using modified vaccinia virus Ankara (MVA) expressing NP and M1 proteins demonstrated that the MVA-NP+M1 vaccine was generally safe, though the higher dose was associated with a significant increase in malaise, nausea/vomiting and rigors [73] . The investigators reported a 60% reduction of laboratory-confirmed influenza infection following experimental challenge in subjects vaccinated with a single intramuscular dose of vaccine [73, 74] . However, it is difficult to assess the true efficacy of this vaccine because only a small number of subjects were studied (11 vaccinees and 11 controls). Another interesting approach that was recently tested in humans was recombinant protein containing multiple linear epitopes from different influenza proteins (HA, NP and M1) derived from both influenza A and B viruses [75] . This vaccine was well tolerated despite large doses (2 doses of 250 μ g [M250] or 500 μg [M500]) of vaccine administered with the adjuvant Montanide, and both humoral and cellular immunity were elicited in the group that received M500 with adjuvant. It is interesting that the Abs elicited by this vaccine demonstrated ADCC activity, although the contribution of such humoral responses in influenza infection is not clear. Humoral responses to peptide antigens were also reported when mice were immunized with multiple epitopes from HA, NP and M1 proteins inserted into bacterial flagellin [76] .
NA protein
As in the case of the HA, the nine subtypes of NA fall into two phylogenetic groups [77] . Although there are some efforts to develop NA based vaccines, it is generally accepted that immunization with NA alone would not prevent infection. However, the immune response against NA limits viral spread and reduces the severity of disease [78] . Baculovirus expressed VLPs containing N1 NA protein induced heterosubtypic NA antibodies in mice, protected them from lethal challenge with homologous (H1N1) and heterologous (H3N2) viruses and reduced viral replication in the lungs [79] . Two highly conserved sequences near the NA enzymatic site could be valuable for quantification of NA in vaccines [80] .
One component versus a multicomponent vaccine
Although the first steps in identifying critical components of a broadly cross-protective, universal influenza vaccine focus on single peptides or proteins as immunogens, a sound argument can be made to combine several components into a single vaccine because vaccines targeting NA, NP or M1 proteins that mediated CTLs or ADCC responses alone would not provide protection from infection. Viral immunogens could be combined, e.g. NP + M or HA + M2e or components that stimulate different arms of the immune system could be combined e.g. non-neutralizing anti-NP antibody and CD8 + T cells. A combination approach was demonstrated by Goodman et al. [81] who used T-cell epitopes from multiple internal proteins as well as conserved epitopes of HA and NA as immunogens. Alternatively, vaccines that are anticipated to ameliorate disease rather than prevent infection, but that induce broader immunity, could be used to complement existing vaccine strategies directed at HA. While such a strategy may not obviate the need for annual vaccination, it could provide some protection against antigenic drift variants and could blunt the effect of the first wave of a pandemic.
Challenges
Despite recent scientific advances in vaccinology, until 2012 all influenza vaccines licensed in the US were produced by methods that were established more than 30 years ago. The approaches discussed above suggest that a new generation of influenza vaccines is feasible but many technical, regulatory and logistical challenges remain (Box 1).
Immunization with T-cell vaccines could provide resistance to disease caused by a wide range of influenza viruses. The repertoire of CTLs in response to influenza A viruses in humans is much broader than that observed in mice [82] and the usage of some CTL epitopes is more dominant than others [83] . In addition, the human leukocyte antigen (HLA) background has a major influence on the magnitude and specificity of CTL responses [83] [84] [85] . These factors must be taken into consideration in the design of CTL-based influenza virus vaccines. Recent advances in immunoinformatics may improve the selection of epitopes for T-cell based vaccines [86] . One example of such an application is a peptidebased vaccine that included selected CD8 + T-cell epitopes that were conserved among different influenza virus subtypes and that were recognized by HLA types that are commonly seen in humans. Reduced viral replication and protection from mortality following infection with a heterosubtypic virus were reported in HLA-A2 transgenic HHD mice immunized with this vaccine [87] .
Other technical challenges that must be considered in the design of T-cell based vaccines for influenza are the kinetics of influenza virus replication and of the cell-mediated response; influenza viruses replicate very rapidly in the host. Peak viral titers correlate with disease and are achieved before a cell-mediated immune response that restricts viral replication can be generated from memory. Therefore, a T-cell based vaccine must induce T cells and maintain them in a highly functional state without causing immunopathology. It would be essential to maintain this state of immunity through the duration of a typical first wave of a pandemic [88] .
In general, peptides or fusion proteins are poor immunogens and require the use of adjuvants. However, few adjuvants are licensed for use in humans and new adjuvanted vaccines will require extensive safety studies in humans [89, 90] . A technical challenge that applies to all new immunogens is the choice of a suitable delivery platform. Several approaches have been applied in this field of research (Box 2).
The key regulatory challenges that can be anticipated are the need for qualitative and quantitative methods to determine and define the potency of the vaccine, the need to identify immune correlates of protection and the development of validated assays to measure them. The path to licensure of novel influenza vaccines is likely to be long. Regulatory authorities are likely to require demonstration of efficacy in humans. Clinical trials of vaccines that do not prevent infection but ameliorate disease will require large numbers of subjects and will be very costly. It is not clear whether it will be necessary to demonstrate non-inferiority compared to the licensed vaccine and it may be ethically challenging to conduct placebocontrolled clinical trials in populations for whom licensed influenza vaccine is recommended.
When a novel, broadly protective influenza vaccine becomes available, public health authorities will have to determine how truly universal it is. Important decisions will include whom to vaccinate, whether and when they should be revaccinated and how often the universal vaccine may require updating. Both health care professionals and the public will need to be educated about the goals and expectations of a universal vaccine.
Concluding remarks
Although the concept of a universal influenza vaccine is not new, a confluence of recent developments in molecular virology, immunology and vaccine delivery suggest that a new generation of broadly cross-protective influenza vaccines is on the horizon. Depending on the design, these vaccines may ameliorate disease rather than prevent infection. It is likely that we will achieve the goal of a truly universal influenza vaccine in a step-wise fashion. However, the intermediate milestones will be of great value if they complement and broaden the protection conferred by existing vaccines. 
Delivery of immunogens
Universal influenza vaccines require innovative delivery systems since most antigens that might provide broad heterosubtypic protection are poorly immunogenic. Modification of antigens, addition of immune stimulating components (adjuvants) and/or rationally designed vaccination regimens must be applied. The most promising systems currently sought as universal vaccine delivery methods are summarized.
• Peptides with adjuvants Peptide antigens are simple to produce. They can be designed to deliver multiple epitopes in single vaccine. However, almost all peptide-based vaccines require a large dose of antigen, addition of adjuvants and/or multiple doses of vaccine to elicit a robust immune response. In addition, regulatory approval for a new adjuvant will require extensive safety studies in humans.
• Peptides fused to carrier proteins Fusion protein antigens are used for effective presentation of antigens as well as for enhancement of immunogenicity. Hepatitis B core antigen (HBc) has been used for delivery of influenza virus antigens including M2e peptides. M2e fused with bacterial flagellin has been used in conjunction with a VLP delivery system.
• Peptides or proteins expressed in viral vectors
Presentation of antigens delivered by viral vectors mimics viral infection and can induce both humoral and cellular immunity. However, preexisting immunity or a response to the vector can hinder the immune response to the target antigen. Modified vaccinia virus based vaccines with influenza NP and M1 proteins have been tested recently in phase 1 and 2 clinical studies.
• VLPs VLP vaccines can present membrane-anchored antigens such as HA, NA and M2 in their native forms. In addition to the epitopes for which native structure is critical, VLPs can present multimeric peptide antigens as has been explored for the M2e domain. However, in some cases, incorporation of proteins into VLPs is poor or not possible (headless HA).
• Phage based nanoparticles The phage delivery system has some attractive advantages: (i) phage vaccines can be produced easily at large scale and low cost, (ii) phages are highly stable, (iii) phage particles are naturally immunogenic and (iv) phages can be used as particles as well as DNA vaccines. Potential disadvantages are that only small peptides can be expressed in high copy number. Although the application of this system to influenza universal vaccines has been limited to an M2e protein vaccine studied in mice, we can expect to see further studies using this approach for universal influenza vaccines.
• Prime boost regimes with DNA prime and recombinant adenovirus or protein vaccine boost
The effectiveness of this approach to induce immune responses against the group-specific HA stem region has been proven in several animal models as well as in humans. Further fine-tuning of selection of antigens that will cover both phylogenetic groups of HA and the design of effective vaccine regimens will be the next steps.
* Highlights
• A new generation of broadly cross-protective influenza vaccines is on the horizon.
• These vaccines may ameliorate disease rather than prevent infection.
• The HA stem, M2, NP and M proteins of the virus are the preferred targets.
• Innovative methods to enhance vaccine immunogenicity and delivery will be needed.
Figure 1.
Binding sites of selected broadly neutralizing antibodies on the HA. (a) Specific binding sites of various mAbs specific for phylogenetically distinct influenza A viruses are shown; F10 (group 1), F16 (Group 1 and 2), CR8020 (Group 2), C05 (Group 1 and 2) and CH65 (H1N1). The figure was adapted with permission from [12] . (b) Wire-mesh representation of front view of the density map of the complex formed by the broadly neutralizing murine mAb C179 (cyan) with trimeric HA, showing that intact virions are available to bind the anti-stem antibody. This figure was adapted from [17] . 
